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(57) ABSTRACT

Methods and apparatus for magnetically cooling and lique-
fying a process stream include a plurality of active magnetic
regenerative refrigerators (AMRRS) configured in parallel or
in series and parallel. Active magnetic regenerative liquedi-
ers (AMRLSs) include such AMRRs and are configured to
liquely, for example, natural gas or hydrogen. In speciiic
embodiments, a magnetic field 1s produced by hexagonally
arrayed solenoids and magnetic refrigerants are selected to
provide a thermal mass that 1s dependent on an applied
magnetic field.
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APPARATUS AND METHODS FOR COOLING AND
LIQUEFYING A FLUID USING MAGNETIC
REFRIGERATION

FIELD OF THE INVENTION

[0001] The invention pertains to methods and apparatus
for liquefying cryofuels.

BACKGROUND OF THE INVENTION

10002] Cryogenic liquefaction of gases can be accom-
plished through a variety of methods, some involving
mechanical cycles with gaseous refrigerants, others making
use of cycles using the thermodynamic properties of mag-
netic materials.

[0003] Gases such as hydrogen and natural gas are com-
monly liquefied by processes 1n which the gas to be lique-
fied, also called the process stream, 1s used as the working
fluid 1n a mechanical cycle such as the Claude cycle, Linde
cycle, or Brayton cycle, mvolving compression and subse-
quent expansion of the working fluid. Various implementa-
tions of the Claude cycle into liquefiers have achieved a
maximum relative efficiency or figure of merit of about 37%.
A figure of merit (FOM) is a ratio of the ideal minimum
work that must be supplied to liquely a quantity of a gas to
the actual work that 1s supplied to liquefy the same quantity
of the gas. The 1deal work differs for each fluid that is
liquetied.

[0004] Liquefiers can also have a working fluid loop
separate from the process stream. In such devices, the
working fluid or refrigerant 1s separate from the process
stream fluid. The cooling provided by the refrigerants 1n a
thermodynamic cycle cools and eventually liquefies the
process stream fluid. The coupling between the process
stream and working fluids 1s normally accomplished by one
or more heat exchangers. A regenerative magnetic refrig-
crator that operates as a liquefler 1s an example of this type
of liquefler, where the process stream 1s separate from the
refrigerant.

[0005] A regenerative magnetic refrigerator uses working
materials such as magnetic solids whose magnetic order or
magnetic entropy depends on temperature and applied mag-
netic field. With such a magnetic refrigerant, cooling 1is
accomplished by a mechanical cycle as follows: The mag-
netic refrigerant 1s adiabatically placed 1n a magnetic field.
The conservation of total entropy in this adiabatic process
requires that the refrigerant increase 1n temperature to com-
pensate for the increased order 1n the magnetic moments or
decrease 1n magnetic entropy of the magnetic refrigerant due
to the external magnetic field. This temperature change 1is
sometimes called the adiabatic temperature change and it
can be used to transfer heat to a thermal sink with a
corresponding decrease 1n refrigerant temperature. The mag-
netic refrigerant 1s then removed adiabatically from the
magnetic field, producing a corresponding temperature
decrease. This temperature decrease can be used to accept
heat from a thermal load with a corresponding material
temperature increase. (The change in temperature of a
magnetic material that occurs as a result of an adiabatic
change 1n externally applied magnetic field 1s called the
magnetocaloric effect.) The magnitude of this temperature
change 1s typically about 2 K per Tesla or a total of about
10-15 K for 5-6 T. To increase the temperature span between
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the average hot temperature or thermal-sink temperature,
and average cold temperature or thermal-load temperature,
it 1s normal to use regenerative steps 1n the cycle. Thus, the
basic regenerative magnetic cycle consists of: adiabatic
temperature 1ncrease upon magnetization; heat transfer to a
thermal sink; regenerative heat transfer to decrease the
magnetized magnetic refrigerant average temperature; adia-
batic temperature decrease upon demagnetization; heat
transfer from the thermal load; and regenerative heat transfer
to 1ncrease the demagnetized magnetic refrigerant average
temperature back to the starting temperature of the cycle.
Such regenerative magnetic cycles, where the regenerative
function of the cycle 1s accomplished by the solid working
magnetic refrigerant, are called active magnetic regenerative
cycles. Refrigerators based on such cycles are called active
magnetic regenerative refrigerators. Active magnetic regen-
erative refrigerators (AMRRs) can be used as liquefiers
(active magnetic regenerative liquefiers “AMRLs”)) to cool
a process stream.

[0006] Prior art magnetic refrigeration systems for lique-
fying gases present the following drawbacks:

[0007] 1) high magnetic fields are required for effi-
cient refrigeration;

[0008] 2) superconducting magnets in Helmholtz
conflgurations, used in some embodiments of mag-
netic refrigerators to produce the necessary magnetic
fields, are expensive;

[0009] 3) immersion cooling of superconducting
magnets with liquid helium i1s difficult and expen-
SIVE;

[0010] 4) design and construction of high-perfor-
mance, multi-materital magnetic regenerators
required for optimal, reliable, long-lived active mag-
netic regenerative devices with brittle magnetic
refrigerants 1s difficult;

[0011] 5) design of housings to contain heat-transfer
fluids and to control the flow of these fluids through
magnetic regenerators with reliable sealing mecha-
nisms 1s difficult;

[0012] 6) there are intrinsic limitations on the FOM
of various configurations of multistage refrigerators
for the purpose of gradually cooling and liquetying
a process stream; and

[0013] 7) high frequency, high efficiency operation
has not been achieved.

SUMMARY OF THE INVENTION

[0014] In view of the shortcomings of the prior art, the
present invention provides, inter alia, active magnetic regen-
erative refrigerator (AMRR) systems including one or more
of the following features:

[0015] (a) increased efficiency through the use of
multiple-stage active regenerative magnetic reirig-
crators with an external process stream to achieve
liquefaction of a gas, mstead of a gas cycle that uses
the process stream as the working fluid;

[0016] (b) increased efficiency through a parallel or
serics-parallel configuration of multiple refrigeration
stages, that effectively pump heat from a thermal
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load 1 a process stream to a hot bath at room
temperature or other common thermal sink tempera-
ture;

[0017] (c) increased overall efficiency by recognition
that a mathematical optimization of cold tempera-
tures for each stage can permit the total work per-
formed by a multistage liquefier to be reduced;

[0018] (d) increased efficiency through an ortho-para
catalysis of the process stream continuously as a
process stream 1s cooled;

[0019] (e) efficient coupling of a magnetic refrigerant
and a heat-transter fluid 1n a porous regenerator
matrix composed of selected magnetic materials
configured 1n geometries to reduce entropy genera-
tion;

[0020] (f) for each stage or selected stages, an admix-
ture of magnetic materials comprising the magnetic
refrigerants, wherein the admixture 1s optimized or
otherwise configured for a particular operating tem-
peratures of that stage;

[0021] (g) counterflow heat exchangers for each
refrigeration stage (or selected stages), allowing
additional cooling of a process stream with a portion
of a regenerator heat-transfer fluid as the fluid 1s
returned to room temperature 1n parallel with flow
through the regenerators, thus allowing a greater
utilization of the heat-transfer fluid for more efficient
cooling of the process stream (such “fluid bypass” of
the regenerator 1s effective because the thermal mass
of a magnetic regenerator can be configured to be
lower 1n a higher magnetic field than in a lower
magnetic field, so that there 1s more flow from hot to
cold than from cold to hot 1n a balanced flow
regenerator);

[0022] (h) in multiple-stage systems, an arrangement
of inexpensive, solenoidal, superconducting magnets
configured with alternating magnetic ficld directions
that stmultaneously enhances core fields 1n the sole-
noids and provides a magnetic flux return path for
adjacent solenoids reducing stray magnetic fields;

[0023] (1) a hexagonal configuration of superconduct-
Ing magnets 1n a six-stage embodiment;

[0024] (j) conductively cooled superconducting mag-
nets using a multistage, small capacity cryocooler;

[0025] (k) a sealing arrangement and housing con-
figuration such that a small, controlled leakage of
heat-transfer fluid occurs as heat-transfer fluid flow
1s directed through the moving regenerators seg-
ments; and

[0026] (1) a stage comprising an active magnetic
regenerative refrigeration (AMRR) device that
includes a linked chain or conveyor belt of magnetic
refrigerating regenerators or segments, constructed
of magnetic materials with tunable ordering tem-
peratures that withstand repeated thermal stress due
to heating and cooling, while remaining intact and
functional.
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[0027] Methods and apparatus according to the invention
allow, 1nter alia, cooling of a gas, such as hydrogen or
natural gas, to the point of liquefaction utilizing refrigeration
by adiabatic magnetization/demagnetization of selected
solid magnetic refrigerants 1n an active magnetic regenera-
five cycle.

[0028] The foregoing and additional features and advan-
tages of the present invention will be more readily apparent
from the following detailed description, which proceeds
with reference to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] FIG. 1(A) is a schematic vertical section of a first
representative embodiment of an active magnetic regenera-
tive refrigerator (AMRR).

[0030] FIG. 1(B) is an isometric schematic representation
of certain operational aspects of the AMRR of FIG. 1(A).

10031] FIG. 2 is a schematic diagram of a second repre-
sentative embodiment of an AMRR according to the 1nven-
tion.

[0032] FIGS. 3(A) and 3(B) are schematic horizontal and

vertical sections, respectively, of a superconducting magnet
array comprising six superconducting magnets, each of

which 1s used 1in an AMRR such as that in FIG. 1.

10033] FIG. 4 is a schematic elevational diagram of a
representative cryocooler for cooling a superconducting
magnet assembly.

10034] FIG. 5 is a schematic diagram of a representative
embodiment of a parallel configuration of a six-stage lique-
fier according to the ivention.

[0035] FIG. 6 1s a schematic diagram of a series-parallel
conflguration of a six-stage liquefier.

DETAILED DESCRIPTION OF THE
INVENTION

[0036] FIGS. 1(A) and 1(B) depict certain aspects of a

stage 100 of an active magnetic regenerative relfrigerator
(AMRR) according to a first representative embodiment. As
shown in FIG. 1(A), the AMRR stage 100 comprises
multiple regenerative magnetic relrigerating segments
(“segments”) 102 mounted on a flexible conveyor belt 108
that 1s driven by rollers 114 or other supports. The segments
102 comprise a magnetic refrigerant, or a mixture of mag-
netic refrigerants, embedded 1n a porous matrix that allows
a heat-transter fluid, directed at the matrix, to pass through
the segments 102.

[0037] A portion (“hot-blow zone) 106, of a path tra-
versed by the segments 102 as moved by the conveyor belt
108 1s surrounded by a superconducting magnet 104. In the
hot-blow zone 106, heat 1s released by the segments 102 that
have a higher average temperature due to adiabatic magne-
tization of the magnetic refrigerants in a strong magnetic
field produced by the superconducting magnet 104. As
shown in FIG. 1(B), the released heat is delivered to an
external heat sink by a heat-transfer fluild 116 that tlows
through the segments 102 that are situated in the hot-blow

zone 106.

[0038] A portion “cold-blow zone”109 of the path tra-
versed by the segments 102 1s situated outside a high
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magnetic field region and the hot-blow zone 106. The
secgments 102 exit the hot-blow zone 106, pass through a
no-flow zone 118, and then enter the cold-blow zone 109.
The cold-blow zone 109 1s a region of low applied magnetic
field where the segments 102 are colder due to adiabatic
demagnetization in the no-flow zone 118. In the cold-blow
zone 109, the segments 102 absorb heat from the heat-
transfer fluid 116 that 1s directed through the segments 102.

0039] As the segments 102 move along directions 110,
the segments 102 enter the hot-blow zone 106 produced by
the superconducting magnet 104. In a no-tlow zone 122
wherein no heat-transfer fluid passes through the segments,
prior to the segments 102 entering into the hot-blow zone
106, the magnetic field tends to align the magnetic moments
of the magnetic refrigerant(s) within each segment 102
along a magnetic field direction of the magnetic field pro-
duced by superconducting magnet 104. As a result of such
alignment, along the long axis of the regenerative segment
comprising one or more magnetic materials in the no-tlow
zone 122, the magnetic refrigerants increase in temperature
through an adiabatic temperature change for each of the
respective magnetic materials. Typically, the segments 102
include one or more magnetic materials that are configured

so that a composition of the segments 102 varies along an
axis 150.

[0040] As shown in FIGS. 1(A)-1(B), the hot-blow zone
106 1s defined by a duct 111 that directs the heat-transfer
fluid 116 (e.g., helium or other fluid) through the segments
102 within the duct 111 so that the heat-transfer fluid 116
absorbs heat from the segments 102. The heat-transfer fluid
116 is then circulated to a hot reservoir (not shown) where
the heat-transfer fluid 116 releases the heat that was
absorbed through thermal contact with the segments 102.

[0041] After passing through the hot-blow zone 106, the

secgments 102 enter the no-flow zone 118 of reduced mag-
netic field, and the cold-blow zone 109. In the cold-blow
zone 109, the magnetic field 1s substantially less than that of
the hot-blow zone 106. In the no-flow zone 118, adiabatic
demagnetization of the magnetic refrigerant in the segments
102 occurs. Adiabatic demagnetization results 1n accompa-
nying temperature drops throughout the segments 102. A
duct 112 1n the cold-blow zone 109 directs the heat-transfer
fluid 116 through the porous magnetic refrigerating seg-
ments 102 passing through the duct 112. The heat-transfer
fluid 116 1s cooled by contact with the segments 102 near the
coldest temperature of the particular stage of the multistage
liquetier. After passing through the cold-blow zone 109, the
resulting cooled heat-transfer fluid 116 1s then brought into
thermal contact with a process stream (not shown) in a
process heat exchanger, cooling the process stream.

10042] The conveyor belt 108 is constructed of a material
capable of withstanding the stress of repeated temperature
oscillations and other cyclic magnetic-related stresses. By
way ol example, one suitable material 1s #316 stainless steel.
On the conveyor belt 108, the segments 102 are arranged 1n
a regular matrix of multiple rows. For example, as shown 1n
FIG. 1(B), each row contains four segments 102. Also, by
way of example, each segment 102 shown in FIG. 1(B) is
orthorhombic (brick-like) in shape.

[0043] 'The optimal size of the segment 102 1s selected by
minimizing the generation of entropy from several mecha-
nisms such as heat transter, pressure drop of the heat-transfer
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fluid, thermal conduction along the long axis of the regen-
erative secgment, and eddy current heating. The typical axial
length to facial dimension aspect ratio of the segment from

this analysis 1s approximately 3 to 1. The linear dimension
of the face of the orthorhombic segment may be of order of
one 1nch or more and the surfaces of the segments 102 are
coniigured to seal the heat transter fluid within the duct and
regenerator.

|0044] Representative geometries of the magnetic refrig-
erants 1nclude particles approximately 100-200 yumicrome-
ters in diameter, fine wires, or thin, closely spaced sheets.
However, any of various other sizes and/or shapes can be
used as conditions of use indicate. Each segment 102
comprises at least one magnetic refrigerant material (desir-
ably an appropriately layered admixture of more than one
such material) combined in a monolithic, high strength
matrix. For example, International Application No. PCT/
US97/18059 (International Publication No. WO 98/28585),
incorporated herein by reference, teaches one method of
combining brittle magnetic refrigerants into a monolithic
regenerative segment. Typical magnetic refrigerants include
relatively ductile rare earth elements and alloys such as Gd,
Dy, Gd _Dy,__, Gd _Ho,__, Tb_Dy,__, brittle intermetallic
compounds such as Gd(S1.Ge,__),, GdZn, GdN1i,, DyAl,,
ErAl,, and at temperatures below about 20 K, dielectric
magnetic compounds such as Gd;Ga.0O,,. U.S. Pat. No.
5,887,449 to Pecharsky and Gshneidner, incorporated herein
by reference, teaches an active magnetic refrigerant com-
prising DyAl, and a low-temperature stage including an
active magnetic refrigerant comprising (Dy,_ Er )AL,
wherein x 1s selected to be greater than about 0.5 and less
than 1 so as to be rich in erbium. An alternative high-
temperature-stage active magnetic refrigerant may comprise
(Dy,_.Er )Al, where x is selected to be greater than 0 and
less than about 0.3. A preferred low-temperature-stage active
magnetic refrigerant comprises (Dy,__Er, )Al,, wherein X is
selected to be from about 0.6 to about 0.9. U.S. Pat. No.
5,743,095 to Gshneidner, Jr. et al., incorporated herein by
reference, provides an active magnetic regenerator and
method that use a magnetic refrigerant Gd.(Si Ge,_. ),
where 0=x=0.55. The segments 102 can include such
intermetallic compounds, other similar compounds, as well
as compounds of other rare earth materials.

[0045] The magnetic refrigerants are typically selected to
have ordering temperatures close to their operational tem-
peratures. For example, in a multistage series-parallel con-
figuration of a magnetic liquefier for hydrogen, the various
stages span temperatures from less than about 20 K to about
300 K. Each regenerative segment on the corresponding
rotating chain 1n that stage of the AMRR operates over a
limited temperature range near 1its particular ordering tem-
perature where 1ts adiabatic temperature change 1s largest
and most easily accomplished by the action of the applied
magnetic field. Each magnetic refrigerant typically operates
most efficiently over a temperature range of about 20-40 K
from the ordering temperature and below the ordering
temperature so that each AMRR stage typically has seg-
ments with 2-10 or more different magnetic materials. A
stage operating from about 260 K to about 300 K typically
requires only one magnetic refrigerant. The exact makeup
and arrangement of the segments 102 depend upon, inter
alia, the temperature span of the refrigeration stage in which
the particular AMRR 1s intended to be used.




US 2002/0040583 Al

[0046] The heat-transfer fluid 116 1s a substance, typically
a gas such as helium, having heat-transfer characteristics
that permit efficient transifer of heat between the heat-
transfer fluid 116 and the segments 102, as well as efficient
heat transfer between the heat-transfer fluid 116 and the
process stream (not shown).

[0047] In a first representative embodiment, the segments
102 are compactly and reliably attached to the conveyor belt
108. As the conveyor belt 108 moves around the supports or
rollers 114 the conveyor belt 108 bends, and the segments
102 that are attached to the conveyor belt 108 partially
separate and come tightly back together again. The heat-
transfer fluid flows primarily through the segments, rather
than between or over or under the segments 1n the hot-blow
or cold-blow zones. The heat-transfer fluid 1s prevented from
flowing in the no-flow zones of the cycle. The sealing
mechanism includes a primary seal that 1s a spring-loaded
frontal facial seal of a low friction, wear resistant material
such as RULON™, TEFLON™, or tetrafluoroethylene, or
other fluoropolymer loaded with graphite or other toughen-
ing materials that contacts ends of the magnetic segments
that are tightly fitted together with a thin sealing material
between them. The tops and bottoms of the segments 102
also have seals that {it into the housing and lightly contact
the segments 102 on the conveyor belt 108.

[0048] The AMRR shown in FIG. 1(A) can be regarded as
a single refrigerator “stage.” An active magnetic regenera-
tive liquefier (AMRL) typically comprises multiple AMRR
stages confligured so that each stage 1s configured for cooling
an AMRR process stream 1n a selected temperature range.
By way of example, as noted below, an AMRL, according to
the 1nvention, can comprise six AMRR stages, each with
corresponding hot-blow zones 106, no-blow zones 118, 122,
cold-blow zones 109, ducts 111, 112, conveyor belt 108, and
array of magnetic refrigerating segments 102. In each stage,
the superconducting magnet 104 can comprise a respective
coll of superconducting wire, or solenoid, mounted on a
support structure. In an example refrigeration system that
includes multiple stages (e.g., six stages), the superconduct-
ing magnet 1s configured as a corresponding array of the
respective coils of superconducting wire on the support
structure. Each coil provides a respective region of high
magnetic field for the respective stage of refrigeration In a
serics-parallel multiple-stage refrigerator system, according
to the mvention, the lower stages have the next higher cold
temperature as the hot temperature reservolr temperature
and higher stages have the same hot reservoir temperature,
usually room temperature, about 300 K.

[0049] Referring further to FIG. 1(B), a representative
magnetic segment 153 includes subsegments 154-156 that
are selected based on a temperature range anticipated in the
scoment 153. Typically the subsegments are selected to
obtain a relatively higher thermal mass 1n a low or zero
magnetic field, and a lower thermal mass 1n a higher
magnetic field. In alternative embodiments, the segments
102 can be layered or graded magnetic refrigerants.

10050] FIG. 2 schematically depicts a second embodiment
of a refrigerator stage. A magnetic material 210, e¢.g., an
ordered magnetic substance bound 1n a matrix, 1s configured
on a rotating drum or wheel 214. A motor 216 rotates the
drum 214 about an axis (rotation denoted by arrow 207). A
process stream at a starting temperature, €.g., room tem-
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perature, enters at an inlet 202. The process stream exits at
(or below) its condensation temperature at an outlet 226. A
first heat exchanger 204 removes heat from the process
stream. A pump 222 propels a first heat-transfer fluid 206
(e.g., helium) through the first heat exchanger 204, thereby
conducting heat away (arrow 201) from the first heat
exchanger. The first heat-transfer fluid 206 then flows
through a hot-blow zone 208 where the first heat-transfer
fluild 206 removes heat (arrows 209) from an ordered
magnetic material 210 situated in a region (ellipse 203) of
hiech magnetic field supplied by a magnetic coil 212 that
surrounds a portion of the rotating drum 214. The first
heat-transfer fluid 206 then flows through a second heat
exchanger 218 that removes heat from the first heat-transfer
fluid 206 and expels the heat (arrow 2035) to a hot reservoir
(not shown) via a second heat-transfer fluid, which enters the
second heat exchanger 218 at an inlet 220, and exits at an
outlet 222. The first heat-transfer fluid 206 then flows
through a cold-blow zone 228, a region of reduced magnetic
field where the ordered magnetic material present 1n the
cold-blow zone 228 1s reduced 1n temperature due to adia-
batic demagnetization. Here, additional heat 1s removed
(arrows 211) from the first heat-transfer fluid 206 by the
ordered magnetic material 210. Between the hot-blow zone

208 and cold blow zone 228 are “no-flow zones”213a, 2135

in which substantially no heat flow occurs.

[0051] FIG. 3(A) depicts a representative embodiment of
a superconducting magnet array 300 that supplies the
respective magnetic fields to a set of six AMRR stages. This
arrangement of superconducting coils can also be used to
supply magnetic field in an embodiment of, for instance, less
than six AMRR stages. It 1s possible, for mstance, for one
AMRR stage to use one solenoid for a portion of the
conveyor belt travelling in one direction, and a second
solenoid for another portion of the conveyor belt travelling
in the opposite direction, and so have six solenoids for three
stages. Also, the total number of coils can, for instance, be
reduced.

[0052] The superconducting magnet array 300 shown
comprises six superconducting solenoidal magnet coils 302,
cach centered at a vertex 304 of a hexagon. The direction of
the field of each coil 302 is opposite to the direction of the
respective fields of each of the two adjacent coils 302. A
support structure 306 supports the coils 302 in their proper
orientation and position relative to each other, and provides
a magnetic-flux return path and a thermal bus for the entire
array.

[0053] FIG. 3(B) is a side view of a portion of the
superconducting magnetic array of FIG. 3(A), showing the
support structure 306 and (in this view) two superconducting
solenoidal magnetic coils 302a, 302b, respectively. The
support structure 306 1s constructed of, e.g., soft 1ron, to
provide a flux-return path and a heat-conduction path to
conductively cool the superconducting magnetic array. Each
of the six superconducting magnet coils 302 surrounds a
respective conveyor-belt AMRR stage (such as the embodi-
ment of FIG. 1(A)), thereby providing the region of high
magnetic field to the respective AMRR stage. Also shown in
FIG. 3(B) are respective orientations of the magnetic coils
302a, 302) and respective directions (arrows 308a, 308b) of
the magnetic fields B. As can be seen, the magnetic-field
direction alternates for each adjacent superconducting sole-
noidal magnet coil 302. According to alternative embodi-
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ments, two, four, six, eight or other even number solenoids
can be arranged to provide a suitable magnetic field.

10054] FIG. 4 depicts a representative embodiment of a
cryostat 400 for maintaining a superconducting magnetic
array at, for example, 4.2 K. The superconducting magnetic
array 1s situated in an inner chamber 402 of the cryostat 400.
In the inner chamber 402, the superconducting magnetic
array 1s cooled to the desired temperature by a two-stage
cryo-cooler 404 such as, for example, a pulse tube or Gitford
McMahon device. Electrical power 1s supplied to the super-

conducting magnet array via a feed-through 406. Once the
magnets are fully charged, they can be put into persistent
mode and the power supply turned off. A removable cover
408 permits accessibility to the interior of the cryostat 400.
Conduits for instrumentation and magnet control are routed
into the cryostat 400 via a feed-through 410. A drive
feed-through 412 provides access into the cryostat for the
drive motors that actuate the respective conveyor belt(s) for
cach stage. A vacuum-insulation chamber 428 of the cryostat
400 1s evacuated via a vacuum port 414. A feed-through 416
provides a conduit into the cryostat 400 of the heat-transier
fluid to permit the heat-transter fluid to circulate through the
respective regions of high magnetic field. A process-stream
input feed-through 418 allows access of the process stream,
to be cooled, mto the cryostat. The process stream exits the
cryostat 400 through an output feed-through 420. A vacuum-
tight housing 422 encases the entire cryostat 400. The 1nner
chamber 402 desirably 1s supported 1n the housing 422 by
supports 424, constructed of a material (e.g., fiberglass)
having low thermal conductivity. A thermal shield 426 is
situated between the inner chamber 402 and the housing
422. The thermal shield 1s maintained at a temperature of,
¢.g., 40 K, so as to thermally insulate the inner chamber 402
from the external environment.

[0055] FIG. 5 depicts a six-stage AMRR system 3500
according to a representative embodiment of such a system
according to the invention. A process stream 502 (e.g.,
hydrogen) enters the system 500 from the right in the figure.
By way of example, the mitial temperature of the process
stream 1s room temperature, €.g., approximately 300 K.

[0056] The system 500 comprises six AMRR stages 504,
514, 516, 518, 520, 522. Each of the six AMRR stages has
a respective hot reservoir 512. In a parallel configuration of
stages, the hot-reservoir temperatures are equal (e.g.,
approximately 300 K, or room temperature). An improved or
optimum figure of merit (FOM) of the overall system can be
realized by parametric analysis of the individual stages
based on practically achievable efficiencies to determine
optimal or near-optimal coldest temperatures for the respec-
tive AMRR stages. This determination 1s done by calculating
the total work from six refrigeration stages pumping heat
from a separate process stream (the heat loads depend upon
temperature, pressure, mass flow rate, and the particular
fluid) from a respective set of six cold temperatures to a
respective set of hot reservoir temperatures. The total work
input 1s reduced by searching through the set of all combi-
nations of the stage temperatures with approximate stage
efliciencies and the associated heat loads for a given process
stream. The stage efficiencies are then refined and the
calculation repeated. If desired, the calculation can be
refined and repeated until calculation efficiencies converge
to an optimum or desired value.
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[0057] By way of example, respective output temperatures
of the six stages each with 100% eiliciency, as used to
liquely hydrogen at a pressure of ~0.1 MPa, are as follows:
the first AMRR stage 504 has a cold-reservoir temperature
of 192 K; the second AMRR stage 514 has a cold-reservoir
temperature of 120 K; the third AMRR stage 516 has a
cold-reservoir temperature of 78 K; the fourth AMRR stage
518 has a cold-reservoir temperature of 48 K; the fifth
AMRR stage 520 has a cold-reservoir temperature of 32 K;
and the sixth AMRR stage 522 has a cold-reservoir tem-
perature of 20 K. At each stage, a respective bypass-tlow-
control valve 524 permits counter-current heat exchange of
the heat-transfer fluid with the process stream 1n a respective
bypass fluid heat exchanger 3534, thereby considerably
increasing the efficiency with which the process stream 1s
cooled.

[0058] Passive regenerators can be fabricated of materials
with very large thermal masses such that 1n normal opera-
tion, the thermal mass does not change. In balanced regen-
crator operation, the heat-transfer fluid flow 1s the same in
the cold-blow and hot-blow zones of the regenerator. In an
active magnetic regenerator, the thermal mass of the respec-
five magnetic refrigerants near their respective ordering
temperatures changes due to the effects of the magnetic field.
The respective differences in thermal mass of the magnetic
regenerator materials below their respective ordering tem-
perature within and outside of the magnetic field, allow more
heat-transfer fluid to flow 1n the hot-blow zone than 1n the
cold-blow zone. The difference 1n flows may be of order ten
per cent of the average total regenerator heat-transfer fluid
flow. This excess cold heat-transfer fluid can be returned via
external heat exchangers that further cool the process stream
in a continuous flow, thereby significantly increasing the
thermodynamic efficiency of the liquefier.

[0059] For cooling of hydrogen, a continuous ortho-para
catalytic converter 528 1s associated with each AMRR stage
to convert the process stream to an equilibrium concentra-
tion of the para form of hydrogen at that partlcular tempera-
ture. By doing this conversion continuously the efficiency of
the liquetier 1s significantly increased. After passing through
the sixth stage of refrigeration, the process-stream output
530 1s, e.g., liquid hydrogen at 20 K. An external cooling
fluid, supplied at an inlet 526, removes heat from the
respective hot reservoirs 512 that are at or near room
temperature. A cooling-fluid return outlet 532 routes the
cooling fluid for heat removal (using an apparatus not
shown) and subsequent return to the inlet 526.

[0060] As the process stream 502 proceeds through each
AMRR stage, the process stream 1s cooled to the respective
temperature for that stage. Within each AMRR stage the
respective conveyor belt (not shown in FIG. §, but see FIG.
1(A)) 1s continually moving, routing the respective magnetic
refrigerating segments through a respective region of high
magnetic field. As the segments pass through the hot-blow
region, heat is transferred from the magnetic refrigerants to
the heat-transfer fluid as the heat-transter fluid passes
through the porous regenerator segments. The heat-transfer
fluid 1s conducted to the respective hot reservoirs or thermal
sinks, where the heat-transfer fluid releases the heat to the
hot reservoirs or thermal sinks.

[0061] The heat-transfer fluid is then routed back to the
magnetic refrigerating segments that are passing through the
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respective region of low magnetic field. As the segments
move from the high field region to the low field region, they
undergo an adiabatic demagnetization (with no flow of
heat-transfer fluid); hence each magnetic material decreases
in temperature by the adiabatic temperature change for the
respective material at its operating temperature. In the region
of low magnetic field, the heat-transfer fluid passes from hot
to cold 1n each segment and 1s cooled to below the average
cold temperature for the respective segment. The heat-
transfer fluid 1s then routed to absorb heat from the process
stream. A portion of the cold heat-transfer fluid can be routed
to respective bypass-fluid heat exchangers, producing fur-
ther cooling of the process stream.

[0062] The process stream then continues to the next
(downstream) AMRR stage of refrigeration, e€.g., from the
first stage 512 to the second AMRR stage 514 where the
process stream 1s cooled to the next lower temperature. At
the final stage of refrigeration (e.g., in the sixth stage 522),
a latent heat of vaporization can be removed, liquefying the
process stream.

[0063] With reference to FIG. 6, an AMRL 600 includes
AMRR stages 602-607 that are configured to deliver liquid
hydrogen at a temperature of about 20 K to an output 610.
Hydrogen gas at a temperature of approximately 300 K 1s
delivered to an mput 612 and the to the AMRR stages
602-607. The configuration of the AMRL 600 1s a series-
parallel configuration in that the AMRR stages 602-604 have
thermal reservoirs 612 that are at a common temperature,
and the AMRR stages 604-606 are configured to provide
respective thermal reservoirs 622, 623, 624 for respective
downstream AMRR stages 605-607. Stage temperatures for
the AMRL 600 are 300, 201 K, 90 K, 60 K, 40 K, and 20 K
suitable for liquefying of hydrogen at a pressure of about 0.5
MPa. In addition, additional heat exchangers, ortho-para

converters, and fluid bypass components are not shown 1n
FIG. 6, but can be similar to those of FIG. 5.

[0064] Whereas the invention has been described in con-
nection with representative embodiments, 1t will be under-
stood that the 1nvention 1s not limited to those embodiments.
On the contrary, the mnvention 1s intended to encompass all
modifications, alternatives, and equivalents as may be
included within the spirit and scope of the invention, as
defined by the appended claims.

We claim:
1. An active magnetic regenerative liquefier (AMRL),
comprising:

at least a first and a second active magnetic refrigerators
(AMRRS), the first AMRR configured to receive and
cool a process stream, and deliver the process stream to
the second AMRR, wherein the first and second
AMRRSs have respective thermal reservoirs at a com-
mon temperature.

2. The AMRL of claim 1, further comprising at least a
fourth through a sixth AMRL, the fourth through sixth
AMRLs configured to serially receive and cool a process
stream.

3. The AMRL of claim 2, wherein the first through sixth
AMRLSs have respective cold reservoirs at temperatures of
about 192, 120, 78, 48, 32, and 20 K, respectively.

4. The AMRL of claim 3, wherein the first through third
AMRLSs are arranged 1n parallel.
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5. The AMRL of claim 4, wherein the fourth through sixth
AMRLSs are arranged 1n series.

6. The AMRL of claim 2, wherein the first through third
AMRLSs are arranged 1n parallel.

7. The AMRL of claim 4, wherein the fourth through sixth
AMRLs are arranged 1n series.

8. A hydrogen liquefier, comprising an AMRL as recited
in claim 2.

9. A hydrogen liquefier, comprising:

at least three active magnetic regenerator refrigerators
(AMRRSs) situated and configured to receive and seri-
ally cool a hydrogen process stream; and

at least two ortho to para convertors situated between at
least two of the AMRR:s.
10. An active magnetic regenerator refrigerator (AMRR),
comprising:

a magnet that imncludes at least two solenoids that are
situated and configured to produce a magnetic field
along oppositely directed axes;

a magnetic refrigerating matrix arranged to be movable
into and out of a magnetic field produced by the magnet
and configured to cool a process stream.

11. The AMRR of claim 10, wherein the magnet includes
s1x solenoids that are hexagonally arranged and that produce
magnetic fields that are alternately directed along opposite
directions.

12. The AMRR of claim 10, further comprising a hot-
blow zone duct situated and configured to direct a heat-
transfer fluid through and past the magnetic refrigerating
matrix passing within a region of magnetic field produced by
the magnet.

13. The AMRR of claim 12, further comprising a seal that
substantially confines the heat-transfer fluid so that the
heat-transfer fluid passes through the magnetic refrigerating
matrix.

14. The AMRR of claim 12, further comprising a cold-
blow-zone duct situated and configured to direct the heat-
transfer fluid through and past the magnetic refrigerating
matrix 1 a regilon substantially without magnetic field
produced by the magnet.

15. The AMRR of claim 10, further comprising a belt,
wherein the magnetic refrigerating matrix 1s attached to the
belt.

16. The AMRR of claim 10, further comprising a belt,
wherein the magnetic refrigerating matrix includes segments
arranged 1n at least one row on the belt.

17. The system of claim 16, where the belt 1s rotatable at
a rate of at least 1 revolution/second.

18. The system of claim 16, where the belt 1s rotatable at
a rate of at least 3 revolutions/second.

19. The AMRR of claim 10, wherein the heat-transfer
fluid 1s helium gas.
20. The AMRR of claim 10, further comprising a flexible

chain, wherein the magnetic refrigerating matrix 1s attached
to the flexible chain.

21. The AMRR of claim 20, wherein the flexible chain 1s
rotatable at a rate of at least 1 revolution/second.

22. The AMRR of claim 20, where the flexible chain 1s
rotatable at a rate of at least 3 revolutions/second.

23. A liquefier, comprising an at least six magnetic
cooling stages, wherein the cooling stages are situated and
configured to receive a magnetic field from a hexagonal
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array of solenoids that includes a frame that 1s configured to
conduct respective magnetic fluxes produced by the sole-
noids.

24. The liquefier of claim 23, wherein the solenoids are
configured to produce respective magnetic fields having
alternately opposing orientations with respect to an axis,
thereby increasing magnetic flux density.

25. The hiquefier of claim 24 configured to liquely natural
oas.

26. The liquefier of claim 24 configured to liquely hydro-
gen gas.
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27. A magnetic regenerator segment, comprising at least
two magnet refrigerants selected based on a predetermined
average operating temperature for each of the magnetic
refrigerants.

28. The magnetic regenerator segment of claim 27,
wherein the magnetic refrigerants are selected so that a
thermal mass of the magnetic regenerator segment 1s lower
in a magnetic field.



	Front Page
	Drawings
	Specification
	Claims

